Overview: Aflatoxins are highly toxic, cancer-causing chemicals produced by fungi belonging to the genus Aspergillus. Aspergillus flavus is the most important causal agent of crop aflatoxin contamination. We developed a strategy for preventing aflatoxin contamination based on the use of naturally occurring isolates of A. flauus that lack aflatoxinproducing ability (atoxigenic strains). The atoxigenic strains displace aflatoxin producers during crop development and infection and thereby reduce contamination. Although significant single-season effects are achieved, the greatest potential is for long-term and area-wide influences. This chapter discusses the histroy of development and commercialization of atoxigenic strains.
Aflatoxin Contamination
Aflatoxins are highly toxic, cancer-causing chemicals produced by several fungal species within Aspergillus section Flavi. Presence of aflatoxins in human foods causes acute and chronic health effects (aflatoxicoses), ranging from immunesystem suppression, growth retardation and cancer to death from acute poisoning (Wild and Turner, 2002) . In developed countries, stringent government regulations limit the use of aflatoxin-contaminated crops in foods and feeds, and, as a result, commodities with aflatoxin content exceeding the maximum permissible level have significantly diminished cash value. In crops intended for human consumption, maximum permitted aflatoxin levels range from 2 ppb in the European Union to 20 ppb in the USA. As aflatoxins are readily transferred from animal feed to milk, similar stringent regulations are imposed on feed intended for dairies (Wu, 2004) . The action level for aflatoxins in US milk is 0.5 ppb.
The presence of aflatoxins impacts the US cotton industry because dairies pay a premium price for cottonseed, and the cottonseed must contain less than 20 ppb to enter that market. In areas with severe contamination, it is not unusual to find cottonseed containing in excess of 1000 ppb of aflatoxins. Crops having over 300 ppb are prohibited from being fed to any animal in the USA. Furthermore, the use of rotation crops susceptible to aflatoxin contamination, i.e. maize and groundnuts, is limited by the frequency and severity of aflatoxin contamination in the warm cotton-producing regions of Arizona and South Texas (Cotty, 2001) . Aflatoxin contamination frustrates farmers, middlemen and processors alike. The crop may have no visible symptoms and yet contain sufficient levels of aflatoxins to either reduce its value or completely exclude it from the market. The same fungi can cause contamination of several crops grown in a given area, including cottonseed, maize, groundnuts and pecans in south Texas. Although, the conditions favouring contamination may not be the same for all crops, culturing any of these susceptible crops, as well as non-susceptible crops, influences the communities of aflatoxin-producing fungi resident in fields (Orum et al., 1997) and thus the fungi the next crop will be exposed to.
Development of Atoxigenic Strains as Biocontrol Agents: the Initial Concept of Biological Control
Biological control was not the initial target of the research; the goal was to obtain a greater understanding of the contamination process and to develop improved variety recommendations and agronomic practices in order to reduce the vulnerability of the crops without costly inputs. However, even when optimal cultural practices and ideal cultivars are utilized, farmers still experience unacceptable aflatoxin contamination when environmental conditions favour infection by Aspergillus flavus (Cotty, 2001) , the primary cause of aflatoxin contamination on cottonseed and maize. Temperature ranges of 30-38 "C and high humidity conditions are ideal for multiplication of A. flavus on organic material (i.e. plant, insect and mammal debris). The fungus exists as complex communities that can be divided into distinct morphotypes (commonly called strains) and numerous vegetative compatibility groups (VCGs) (Cotty, 1989; Bayrnan and Cotty, 1991) . The strains and VCGs vary widely in aflatoxin-producing ability (Cotty, 1989; Bayman and Cotty, 1993) , and thus the aflatoxin-producing potential of fungal communities differs among regions and even fields (Cotty, 1997) . A distinct morphotype of A. flavus, called the S strain, was found to have a major role in the contamination of cottonseed with aflatoxins (Cotty, 1989) . Interestingly, the capacity of the S strain for aflatoxin production was not related to its virulence as reflected by ability to rot bolls and ramify through tissues. This suggested that isolates lacking aflatoxin-producing ability (atoxigenic strains) might be able to compete with, and possibly exclude, aflatoxin producers. In doing so, atoxigenic strains would reduce infection by aflatoxin producers and thereby aflafnxin contamination (Cotty, 1989) .
Greenhouse studies
Greenhouse studies confirmed that certain atoxigenic strains of A. flavus reduced infection and aflatoxin formation by aflatoxin producers when the two strains were co-inoculated on to plants. Some atoxigenic strains were more effective than others (Cotty, 1990 ) and some could not inhibit aflatoxin formation (Cotty and Bhatnagar, 1994) . The most effective isolate, A. flavus AF36, consistently reduced contamination by over 90% when applied at inoculum concentrations equal to the aflatoxin producers (Cotty, 1990) . When AF36 was applied either at one tenth the conidial concentration of the aflatoxin producers or one day after, there was still a significant reduction in toxin levels (Cotty, 1990) . The primary mode of action was shown to be exclusion by competition during ramification of host tissues and competition for nutrients . The influences on aflatoxin content occurred without increases in either boll decay or spread of the fungus through the host tissues (Garber and Cotty, 1997) . Individual seeds and bolls of cotton are typically infected by multiple VCGs andlor strains (Bayman and Cotty, 1991) and AF36 turned out to be a common VCG isolated from infected cottonseed. Thus, the effect we obsewed with the atoxigenic strain under greenhouse tests is a natural phenomenon. The use of natural atoxigenic strains to reduce contamination seeks to increase the frequency of this natural phenomenon. Even before initial greenhouse experiments were written for publication, industry groups (the National Cotton Council (NCC), National Peanut Council, and National Cottonseed Products Association) were pushing for field tests of the concept of utilizing atoxigenic strains for reducing contamination.
Field studies
In addition to interfering with aflatoxin contamination during coinfection of crops, atoxigenic strain applications seek to displace aflatoxin producers from the crop environment. The composition of A. flavus communities in individual fields, however, shifts during and between seasons, independent of any external intervention (Bayman and Cotty, 1991) . This indicates that founder effects are common and that the original colonizers are key players in determining the structures of A. flavus communities on annual crops. A. flavus populations decline under unfavourable climatic conditions but build rapidly when favourable conditions return. Such cycles coincide with both seasons and crops. Applications of atoxigenic strains were timed to coincide with the beginning of conditions that favour establishment of A. flavus, thereby facilitating the establishment of the applied strains. It was hoped that with this approach atoxigenic strains would become dominant members of the fungal community on developing crops.
As commercial field studies expanded, it soon became apparent that although direct interference with aflatoxin production by an atoxigenic strain during crop infection may be important and one aspect of field efficacy, other aspects were at least equally important. Properly timed applications of relatively small quantities of atoxigenic strains were found to shift the composition of A. flauus communities without increasing either the quantity of fungus on crop or the amount of the crop infected. Thus, a single application of 10 Ibs 1 acre of colonized wheat seed ( Fig. 27.1 ) shifted the proportion of atoxigenics fr~ 1 4 % of the total A. flavus community on the crop or in soil to around 8( of the community (Cotty, 1994; Cotty and Antilla, 2003) . Displacement aflatoxin producers throughout the environment turned out to be both an imp tant aspect of atoxigenic strain activity and a basis for efforts to devel area-wide strategies to reduce vulnerabilities of all crops produced in treatmc areas to aflatoxin contamination. Large and significant changes to the ir dences of atoxigenic strains in the environment and the resulting reductic to the average aflatoxin-producing potential of A. flauus communities i achieved without increasing the overall quantity of A. flauus on the crop harvest, in the soil, or in the air (Cotty, 1994; Bhatna! et al., 2001; Cleveland et al., 2003; Bock et al., 2004) .
Positive influences were, in fact, frequently achieved in fields adjacent and/or nearby treated fields. However, just as the atoxigenics move neighbouring fields, so do the aflatoxin-producing strains, thereby eroding 1 long-term benefits. Thus, we consider the greatest potential for atoxigenic ski use to be area-wide management programmes. For such a control strategy be effective the biological control agent must have ecological competen and be able to increase to epidemic proportions when its activity is mc needed. 
GovernmentAndustry Partnerships
In 1988 severe aflatoxin contamination of crops within the US Corn Belt came to the attention of the press and the US congress (Cole and Cotty, 1990; Robens et al., 1990) . Representatives for several US crops used this opportunity to leverage additional research funding for developing novel methods to prevent future outbreaks. The initiative was centered on annual workshops where progress was evaluated by both researchers and industry members of the Multi-crop Aflatoxin Working Group (MCWG), which was composed of representatives of crops affected by aflatoxin contamination including cotton, maize, groundnuts and tree nuts (Robens et al., 1990) . At the initial Aflatoxin Elimination Workshops, researchers introduced the idea of using natural isolates of A. flavus that did not produce aflatoxins (atoxigenic strains) to competitively exclude aflatoxin producers, along with strategies for utilizing recently developed technologies for improvement of host resistance (Cole and Cotty, 1990) . Interest and involvement of agro-industry would turn out to be central to applying biocontrol based on atoxigenic strains of A. flavus to commercial fields. Information on competition during groundnut infection between aflatoxin producers and an Aspergillus parasiticus isolate that produced a toxic aflatoxin precursor but not aflatoxins was also included at the first workshop (Cole and Cotty, 1990) . The same groundnut researchers later adopted use of natural atoxigenic A. flavus strains and developed one into the product marketed as Aflaguard (Dorner, 2004) .
At the outset the concept of using atoxigenic strains to limit aflatoxin contamination was highly controversial and not well received by researchers. Contentious exchanges surrounding the concept were even documented in the Wall Street Journal (Kilman, 1993) . The project may have stopped there as an interesting paper if it were not for the industry's interest in advancing aflatoxin management. Although breeding for resistance and transgenic crops continued to receive much greater attention at all workshops as likely control methods, representatives of both the groundnut and cotton industries maintained intense interest in developing atoxigenic strain technology for over 15 years (Robens and Riley, 2002) .
Attempts to license atoxigenic strain technology for commercial development were hampered by lack of information as to the value of such products to the target users. There was no example of a product that prevented pre-harvest aflatoxin contamination, and there was concern over the liability associated with product failure. Thus, when in 1998 the Arizona cotton industry decided to pursue development of atoxigenic strain technology, ARS viewed it as the most viable alternative for continued development and expansion of aflatoxin control strategies based on atoxigenic strains. The partnership between ARS and the cotton industry succeeded in bringing this technology into commercial reality and continues to improve the product for use under diverse conditions. In excess of 50,000 ha of cotton have been treated with atoxigenic strains in Arizona, Texas and California. While interest in employing this strategy exists for many other crops, it is the economics of contamination that will ultimately decide the extent to which this technology will be used.
Industry partnerships
The extent to which atoxigenic strain technology came to be developed is a direct reflection of US cotton industry involvement. This includes commitment of individual farmers and gins, long-term and continuing commitments of the Arizona Cotton Growers Association and NCC, direct funding from the Cotton Foundation, Arizona and Texas State Support Programs of Cotton Incorporated, the Texas Cottonseed Crushers Association, the National Cottonseed Products Association, and assistance in obtaining other sources of funding. Farmers, gins, crop organizations (i.e. South Texas Cotton and Grain Association) and oil mills (i.e. the Valley Coop Oil Mill in Harlingen) all participated and funded operations on their farms, providing labour, application costs, time, personnel and resources. Farmers frequently helped with crop, soil and air sampling. Participation by farms was voluntary and changed with shifts in economics and needs. Close relationships were forged by frequent interaction with diverse industry members. Research always included fieldwork and trips to farms, gins and oil mills, which led to many fruitful discussions. We participated in diverse industry meetings and provided advice and assistance on mycotoxin problems. The limitations of biocontrol and the economic constraints under which it functions were frequently included in discussions. The diverse relationships led to a strong partnership between farmers, farmer-run organizations, the University of Ariiona and the Agricultural Research Service, which became the driver for the direction of the research programme.
The cotton industry representatives quickly realized that this strategy was a potentially practical, realistic approach to a long-standing and seemingly unsolvable problem. This was particularly true in Arizona, where high levels of aflatoxin in cottonseed reduced grower profitability year in and year out. Multi-year field tests of atoxigenic strain technology in Arizona showed great promise in reducing aflatoxins (Cotty, 2000; Cotty and Antilla, 2003) . As a result, in 1998, the board of directors (all farmers) of the Arizona Cotton Research and Protection Council (ACRPC), an organization funded by check off-funds, voted to add development of atoxigenic strain technology as part of their responsibilities. Discussions resulted in an unusual partnership, where Cotty's ARS laboratory would develop data required to obtain a pesticide registration for strain AF36, develop protocols and a facility for manufacturing the atoxigenic strain material, and develop procedures of practical value in running an aflatoxin management programme. The NCC would assist ARS and ACRPC in working with the IR-4 project and EPA to get registration of AF36. Because ACRPC had extensive experience with areawide pest management, it would assist with research activities. ACRPC was indispensable as a resource in the development of atoxigenic strain technology at the commercial scale.
Assisting farmers with bringing a new biocontrol agent into use is a huge endeavour. Farmers are busy people and it is essential to maintain their enthusiasm during long periods over which biopesticide development may occur. Site visits by our researchers to farms and gins were essential for maintaining industy interest. Even today, participants want detailed reports on how the product is performing and how their results relate to those of others. As the number of participants increased it became increasingly difficult to see everyone as often as desired. In retrospect, setting up more local contacts who could be involved from the start would have allowed better feedback to farmers, as their involvement was the most crucial in the proof of concept and uptake of the technology over a large area. Those farmers that paid close attention to details such as the timing of applications and subsequent field operations got remarkable results. One such farmer applied the atoxigenic strain at half the recommended rate in order to double his treatment area and as a result of his close attention to detail, he obtained excellent results.
Perseverance, an essential ingredient
Public sector partnerships require patience, endurance, multiple contacts and a willingness to compromise. Over the decade that it took to commercialize our product several key supporters and collaborators died, went out of business, or stopped supporting our work. Perseverance meant carrying out experiments that provided answers to questions regardless of any extraneous issues. Experiments were designed to give results regardless of agricultural activities and regardless of industry adherence to agreed-upon protocols. Our goal was to obtain results each year and not to emphasize sub-optimal aspects of collaborations or blame collaborators for not meeting publication needs. This helped to build growerresearcher teams. We first focused on developing protocols that allowed farmers to use our technology in a manner that fitted their farming practices. Only then did we ask them to alter their practices in a manner that would lead to maximum disease control efficacy. There is much to learn inside the farm gate; not all fields and regions are the same and biologicals do not perform the same in all locations.
Commercialization, formulation strategy and manufacturing
The experience of producers with transgenic technology in cotton greatly influenced the approach to developing our biocontrol technology. Farmers felt purveyors of Bt and herbicide-resistant transgenics extracted maximum profit and limited producers' ability to gain financially from the technology. Some were reluctant to adopt transgenics because of this perception. As a result, all farmers lost out on environmental and area-wide pest management benefits. It was hoped that the biocontrol technology could be held in the public sector with most of the economic benefits kept within the farm gate. Toll manufacturers were seen as entities that could potentially influence profitability and access, two aspects the farmers did not want to relinquish. The growers wanted assurances that they would be able to retain control of both costs and manner of implementation. By developing a facility governed by a fmer-run organization, we hoped to meet both these concerns. The production technology appeared simple at the lab scale. Autoclaved wheat was inoculated with a spore suspension of an atoxigenic isolate and after a short incubation it was dried (Bock and Cotty, 1999) . This had the theoretical advantages of being a pure culture and also providing the fungus with an available food source (Bock and Cot@, 1999) . There are diierse atoxigenic strains, and such a product allows for rapid and easy mixing of batches and the potential to inexpensively customize formulations for specific locations or crop rotations.
Naively, we relied on engineering consultants from the pharmaceutical industry and equipment sales staff as our resources for development of the commercial facility. After a year we abandoned the systems specialists and pursued development empirically and intuitively by gradually improving each process step. Sometimes equipment not available off the shelf was designed and custom manufactured. Most of these pieces, or derivatives thereof, are still in use today. The lack of any pubic sector facilities from which to borrow expertise was a limitation to our efforts. Fortunately Cotton Incorporated provided engineering expertise in grain-handling systems, and APHIS donated the services of Joe Ploski, with experience in constructing and running sterile insect facilities, to help with facility design and in troubleshooting.
We used wheat in our formulations because it was relatively inexpensive and readily available. Other grains, however, would have worked equally well and some offer advantages under certain circumstances (Bock and Cotty, 1999) . The philosophy was to make the product inexpensive and axenic. We also wanted the product to be locally produced and under farmer control. Researchers at the National Peanut Research Center took a different approach in developing what became the product Maguard marketed by the private company Circle-One Global. This product uses unsteriliid rolled barley with sufficient quantities of spores to overcome any microbes on the seed. The spores were custom produced by a toll manufacturer (Dorner, 2004) .
The ACRPC-ARS facility that produces the atoxigenic strains ( Fig. 27 .2) uses a simple process that could be adopted for production of multiple microorganisms of regional importance. This would allow for facility expenses to be bridged across several products. Simplicity was the design goal for both the facility and the formulation. A stable product was sought that would allow manufacture months before use and provide some grace period during which it could remain in the field after application awaiting conducive conditions (i.e. irrigation or rain). The developed commercial-scale process uses minimal personnel, and currently only two people carry out all the steps from spore production, quality control, manufacturing and packaging to shipping. The atoxigenic strain products are easy to use in the field and easy to transport.
Assessment
When aflatoxin contamination is low it can be attributed to high product efficacy, whether or not the biocontrol agent had any effect. The opposite is true when disease levels are high. Aflatoxin contamination is highly variable. The variability is such that stringent sampling and analytical procedures are required to measure the crop toxin content. This causes aflatoxin contamination to appear mysterious and growers instinctively view aflatoxin numbers with scepticism. We set out to provide growers with an independent measure of the extent to which the control agent influenced aflatoxin concentrations. Since the first commercial field treatments in 1996, extensive microbiological analyses have been performed to meet this goal. Currently, well over 10,000 A. flavus isolates per year are collected from soils and crops and characterized by vegetative compatibility analyses (Cotty, 1994) . This provides an assessment of the extent to which treatments modified the community structure of A. flavus resident in each area receiving treatments. The analyses are routinely performed by both ARS and in an industry (ACRPC) laboratory built and run for the purpose. Growers, gins and other participants are provided with data allowing them to follow effects of the control agent on the fungal community and to assess if the management programme is progressing in an acceptable manner. The analyses provide the actual proportion of A. flauus community represented by AF36. These analyses allow influences of applications to be evaluated in both low toxin years and in years when most toxin levels exceed the regulated 20 ppb level. Such analyses and the resulting reports to collaborators greatly helped the survival of this biocontrol strategy.
Economics
Laws regulating the limits of contamination in crops are such that a highly effective application may provide no economic benefit under one circumstance whereas propagules in the soil are not increased but the incidence of aflatoxin producers is greatly reduced. We also provided EPA with other useful data on the incidence and magnitude of aflatoxin contamination and A. flavus ecology in both agriculture and natural habitats. Three years after the initial meeting with EPA, an Experimental Use Permit (EUP) allowing treatment of commercial crops was issued in 1996. The EUP was expanded several times until it ultimately allowed 8000 ha of tests in Arizona and Texas. In 2003, a section 3 registration was granted for Ariiona and Texas, and in 2004 this was expanded to southern California. These are the only three states with significant aflatoxin contamination of cottonseed.
The EPA registration process was reasonable, complex, and it altered the course of our technology development. It was indispensable to have IR-4 Biopesticide Managers to interpret what was needed, serve as a liaison with EPA, and help prepare and submit files. Such a programme is an incredible resource; it even provided some of the research funding needed to obtain data for registration. The research carried out for registration helped us to discover the carry-over influences of atoxigenic strains. Once influences that carried over multiple years were discovered (Fig. 27.3) , an emphasis on long-term and area-wide management began. Applications of multiple atoxigenics, either simultaneously or in succession, is a strategy that might provide optimal efficacy because application of multiple atoxigenics should result in a more complex and potentially more stable fungal community structure with a greater resistance to re-establishment of a fungal community with a high aflatoxin-producing potential. Furthermore, application of multiple VCGs should create greater competitiveness in diverse micro-niches, as well as the opportunity to customize formulations for different areas. Such strategies are particularly impacted by pesticide regulations because approval is required for each additional strain, which could eventually number in the hundreds. Development of regulations and policies that allow simple and rapid adaptation of many similar, but not identical, isolates will facilitate development and optimization of biocontrol technologies targeted to multiple crops, locations and environments.
Patents, Licences and Development
The process of patents and public versus private sector development is complex and not familiar territory for most scientists. Private company product development often can initially progress faster because of greater amounts of capital available for development and advertising. For the product considered here public sector development proved to be a useful alternative and resulted in a product available inexpensively to groups with apparently small market potentials. Although the patents protecting the atoxigenic strain served well for its development they also proved to be a hindrance. Institutional policies frequently seek revenue-generating licences with corporations that require exclusive rights. However, other avenues may provide wider application of the technology while allowing a venue for public sector researchers to build upon prior accomplishments. Efforts to expand and improve public sector use of technology, as in the current case, may more extensively benefit agriculture both in the USA and internationally. Patents cost money and public organizations feel the need to recover these costs. Recovery of such costs, not the benefits of the technology, can become the driver of licensing. In theory, good patent coverage with exclusive licence is an incentive to corporate investment. However, this strategy does not always best serve the future of biocontrol. By keeping microbial strains in the public sector, in a manner similar to plant breeding lines, we may better facilitate development of certain biocontrol technologies.
